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Edited by Stuart FergusonAbstract SNAP-25 has a cysteine cluster located at its linker
domain. In vivo, the cysteine residues in this cluster can be palm-
itoylated, and the hydrophobic palmitate molecules can target
SNAP-25 to the presynaptic membrane. Here, we report that
the SNAP-25a expressed in Escherichia coli is also an iron–sul-
fur protein binding an iron–sulfur cluster using the cysteine res-
idues in its cysteine cluster. Therefore, SNAP-25a uses the same
cysteine residues to bind two diﬀerent prosthetic groups (iron–
sulfur cluster and palmitate). Because the binding sites of these
two prosthetic groups overlap, we suggest that these two modiﬁ-
cations occur at diﬀerent times, and probably at diﬀerent places
in the cell.
 2008 Federation of European Biochemical Societies. Pub-
lished by Elsevier B.V. All rights reserved.
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Palmitoylation1. Introduction
At the synapse, SNARE (soluble N-ethylmaleimide-sensitive
factor attachment protein receptor) proteins (SNAP-25, syn-
taxin and synaptobrevin/VAMP) form the minimal fusion
machinery, the SNARE complex, which is thought to be nec-
essary and suﬃcient to trigger exocytosis resulting in neuro-
transmitter release [1,2]. Synaptobrevin is located on the
membrane of synaptic vesicles (v-SNARE), while SNAP-25
and syntaxin are located on the presynaptic plasma membrane
(t-SNARE) (Fig. 1A). All SNARE proteins contain a sequence
termed the SNARE motif which has a propensity to form
coiled-coils [2]. A crystal structure showed that the core
SNARE complex contains four parallel a-helices: one from
syntaxin, one from synaptobrevin, and two from SNAP-25.
This extremely stable four-helical bundle is held together
mainly by leucine-zipper-like interactions [3,4]. With the for-
mation of the four-helical bundle, the vesicle is drawn close
to the presynaptic membrane, promoting membrane fusion
and neurotransmitter release.
Syntaxin and synaptobrevin are anchored to their respective
membranes though a transmembrane segment at the C-termi-
nus [2,3]. However, the mechanism through which SNAP-25 is
targeted to its membrane is still under discussion. All members
of the SNAP-25 family have structures distinctly diﬀerent from
those of the membrane-anchored SNAREs: they have no
transmembrane segment but do have two SNARE motifs con-*Corresponding author. Fax: +1 607 255 9001.
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doi:10.1016/j.febslet.2008.03.028nected by a linker domain [2]. Therefore, SNAP-25 cannot an-
chor to a membrane though a transmembrane segment as
syntaxin and synaptobrevin do. Many proteins can be modi-
ﬁed with fatty acids such as myristate, palmitate and farnesyl
isoprenoid [5,6]. Modiﬁcation of soluble proteins with these
hydrophobic fatty acids is essential for their targeting to cell
membranes. Palmitoylation refers to thioester linkage of palm-
itate, a C16 saturated fatty acid, to the cysteine residue of a
protein. SNAP-25 has a cluster of cysteine residues at the N-
terminus of the linker domain (residues 85–120) which are
palmitoylated [7,8] (Fig. 1B). Some research suggested that it
is through these hydrophobic palmitate molecules that
SNAP-25 attaches to the presynaptic membrane [8,9]. How-
ever, the question of when and where SNAP-25 is palmitoylat-
ed is still unclear; experimental results have been inconsistent
or even contradictory. Some experiments showed that palmi-
toylation of SNAP-25 required a functional secretory path-
way, which suggested that SNAP-25 was transported
through the ER and the Golgi apparatus to the presynaptic
membrane and that palmitoylation occurred during transit
[9]. However, other experiments showed that palmitoylation-
defective forms of SNAP-25 could attach to a membrane when
syntaxin 1A was present [10–12]. In these cases, it was sug-
gested that SNAP-25 and syntaxin could form a precomplex
through which SNAP-25 attached to membrane. Moreover,
it was found that SNAP-25 was palmitoylated by a mem-
brane-bound palmitoyltransferase [13]. These observations
suggest that SNAP-25 is palmitoylated after its syntaxin-med-
iated membrane association, rather than right after its synthe-
sis as other experiments suggested. Furthermore, they indicate
that SNAP-25 can associate to a membrane indirectly through
other proteins, independent of palmitoylation.
Hence, the question of when and where SNAP-25 is palmi-
toylated is still unresolved. The biological function of palmi-
toylation of SNAP-25 is unclear as yet. During our study of
palmitoylation of SNAP-25a, we were surprised to ﬁnd that
the SNAP-25a protein expressed in E. coli contains an iron–
sulfur cluster. The binding of this iron–sulfur cluster to
SNAP-25a involves those cysteine residues that can be palmi-
toylated, i.e. the same residues are involved in two diﬀerent
modiﬁcations. Here, we report the characterization of this
unexpected cofactor.2. Materials and methods
2.1. Protein expression and puriﬁcation
The constructs pGEX-SNAP-25a was kindly provided by Ludwig
Wagner (University of Vienna). The secretagogin gene and the SNAP-
25a gene were cloned into the duet expression vector pCDFDuet-1
(Novagen) to express the secretagogin-SNAP-25a protein complexblished by Elsevier B.V. All rights reserved.
Fig. 1. (A) Hypothetical model of the minimal fusion machinery at a synapse. We extend the crystal structure of the core SNARE complex to include
the transmembrane segments of synaptobrevin (red), the transmembrane segment and the Habc domain of syntaxin (blue), and the linker domain of
SNAP-25 (green). The palmitoylation of SNAP-25 is also shown (yellow). (B) Comparison of the cysteine cluster of SNAP-25a, SNAP-25b and
SNAP-23.
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residues of SNAP-25a in the constructs pGEX-SNAP-25a and pCDFD-
uet-1-secretagogin-SNAP-25a are replaced by glycine residues, and the
resulted constructs are named SNAPmu and DSNmu, respectively. All
proteins were puriﬁed by an aﬃnity column followed by a MonoQ col-
umn and a Superdex200 column mounted on FPLC (Fig. 2). Results of
SDS–PAGE show that the puriﬁed proteins GST-SNAP-25a, DSNmu
and DSN with high purity more than 95% (Fig. 2 insets).
2.2. UV–visible absorption spectrum
The proteins GST-SNAP-25a (5 mg/ml), SNAPmu (5 mg/ml), DSN
(20 mg/ml) and DSNmu (20 mg/ml) were dissolved in 50 mM Tris–HCl
buﬀer, pH 8.0. Absorption spectra from 300 nm to 600 nm were ob-
tained in a spectrometer, using the same Tris–HCl buﬀer for back-
ground blanks. Equal volumes of DSN (20 mg/ml) and
trichloroacetic acid (20%, w/w) were mixed and incubated in ice for
10 min. Insoluble protein was removed from the mixture by centrifug-
ing at 16000 · g for 10 min. The supernatant was removed and a spec-
trum from 300 to 600 nm was obtained using 10% trichloroacetic acid
as a background blank.
2.3. Determinations of iron and sulﬁde content
This was performed with the standard 2,2 0-bipyridine colorimetric
method and the standard N,N-dimethyl-p-phenylenediamine sulfate
colorimetric method, respectively.
2.4. X-ray ﬂuorescence
X-ray ﬂuorescence experiments were carried out at the C1 station of
CHESS (Cornell University). Twenty microliters of DSN (20 mg/ml, in
50 mM Tris–HCl, pH 8.0) were put into a cuvette and scanned from 0
to 10 keV using the same Tris–HCl buﬀer as a background blank.
2.5. X-ray absorption ﬁne structure (XAFS) experiment
This was performed at the iron K-edge (7112 eV) at the C1 station of
CHESS. XAFS spectra were measured in ﬂuorescence-yield mode
using a single-element X-FLASH Silicon Drift detector over the energy
range 7000–7700 eV. Eighty scans were collected for average to in-
crease the signal-to-noise ratio. XAFS data analysis was performed
with the Athena and Artemis packages [14]. A theoretical path was
constructed with the program FEFF [15] using the crystallographic
atomic positions of an FeS2 pyrite for the 1st shell, PDB entry 1DOI
[16] for the 1st and 2nd shell [2Fe–2S], and PDB entry 1EYT [17]
for the 1st and 2nd shell [4Fe–4S]. Models were ﬁtted to the data by
using the ﬁtting routine FEFFIT [18] implemented in Artemis [14]
which also performs error analysis and calculates the goodness-of-ﬁt
parameters.3. Results
3.1. SNAP-25a is an iron–sulfur binding protein
The SNARE protein SNAP-25a was expressed in E. coli as
GST-SNAP-25a fusion protein. The highly puriﬁed recombi-
nant protein GST-SNAP-25a had a brown color (Fig. 3A),
suggesting that SNAP-25a binds a cofactor, since GST is col-
orless. Four observations established that the cofactor is an
iron–sulfur cluster.
First, the UV–visible absorption spectrum of GST-SNAP-
25a had peaks at 325 nm and 420 nm (Fig. 3B). The common
protein cofactor which absorbs at these two wavelengths is an
iron–sulfur cluster. The UV–visible absorption spectrum of
PLP cofactor bound to protein also has a peak at about
420 nm, which can be bleached by the addition of NaBH4 to
the protein solution, concomitant with an absorption increase
at 325 nm. However, addition of NaBH4 to GST-SNAP-25a
solution did not bleach its 420 nm absorption and the absorp-
tion at 325 nm did not change. Therefore, the cofactor in GST-
SNAP-25a is not PLP.
Second, an iron–sulfur cluster bound to protein is sensitive
to acid. The color of an iron–sulfur protein will disappear in
acid solution. The brown color of GST-SNAP-25a solution
disappeared immediately upon addition of an equal volume
of trichloroacetic acid (20%, w/w) or HCl (0.1 N). The pro-
tein precipitated by trichloroacetic acid was white, and the
supernatant had no absorption peak between 300 nm and
600 nm.
Third, an X-ray ﬂuorescence scan shown that DSN con-
tained iron and nickel (Fig. 4). The nickel was probably intro-
duced into the protein during the ﬁrst step of puriﬁcation, in
which a nickel aﬃnity column was used. In the complex
DSN, secretagogin is a calcium-binding protein and does not
contain any iron. Therefore, in the DSN complex, the iron
must come from SNAP-25a.
Fourth, XAFS experiment was carried out to investigate the
existence of anFe–S cluster in theDSNsample. The result shows
a good agreement, with anR-factor of 0.0055, between the radial
structure function obtained by Fourier transformation of the
Fig. 2. Proﬁles of gel ﬁltration chromatography and SDS–PAGE. (A) The wild-type complex (DSN) is about 500 kDa. (B) The mutated complex
(DSNmu) is about 160 kDa. (C) GST-SNAP-25a is about 450 kDa. All of these three proteins aggregated heavily in solution. The elution peaks were
analyzed by SDS–PAGE, respectively (insets).
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on the 1st shell of an Fe–S cluster (Fig. 5). The structural param-
eters listed below were obtained from the Artemis [14] ﬁtting in
terms of the ﬁrst scattering path of Fe–S: coordination numbers
N = 3.9 ± 0.6, bond-distance R = 2.24 ± 0.01 A˚, and Debye–
Waller factors r2 = 0.011 ± 0.002 A˚2. These numbers are a
strong indication that an Fe–S cluster exists in the DSN struc-
ture. The assessment of the cluster type and stoichiometry was
performed by analyzing the number of Fe scatterers in the sec-
ond shell of the XAFS data to discriminate between [2Fe–2S]
and [4Fe–4S] clusters (Fig. 5). The R-factor calculated based
on the 1st and 2nd shell [2Fe–2S] and the 1st and 2nd shell[4Fe–4S], was 0.05 and 0.24, respectively. Therefore, the ﬁtting
result suggests that the cluster is best interpreted as the [2Fe–
2S] type.
The puriﬁed SNAP-25a contained stoichiometric amounts
of iron and sulﬁde as determined by colorimetric methods.
However, diﬀerent batches of puriﬁed protein contained diﬀer-
ent amount of iron and sulﬁde, i.e. 1.3–1.5 atoms of iron and
sulﬁde per polypeptide chain, suggesting that the protein lost
some iron–sulfur clusters during puriﬁcation. Incubating with
fourfold molar excess of both ferrous iron and sodium sulﬁde
under reducing condition could increase the iron and sulﬁde
content of the puriﬁed protein slightly.
Fig. 3. (A) Color of the puriﬁed proteins. GST-SNAP-25a (SNAP)
fusion protein has a brown color, suggesting it contain iron–sulfur
clusters. The mutated GST-SNAP-25a (SNAPmu) has no color,
suggesting it no longer contains an iron–sulfur cluster. (B) UV–visible
absorption spectrum of GST-SNAP-25a. The protein has two
absorption peaks at 325 nm and 420 nm.
Fig. 4. X-ray ﬂuorescence scan of the SNAP-25a-secretagogin com-
plex (DSN) showing that DSN contained iron.
Fig. 5. The radial structure function obtained by Fourier transforma-
tion of the experimental v(R) for DSN (solid circles) superimposed
with a theoretical calculation based on the 1st shell of an Fe–S cluster
(solid line), the 1st and 2nd shells of [2Fe–2S] (dashed line), and the 1st
and 2nd shells of [4Fe–4S] (dotted line).
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In most cases, proteins bind to iron–sulfur clusters with cys-
teine residues to form cysteinyl-S-iron bonds which are highly
covalent. All four cysteine residues of SNAP-25a are located
on its cysteine cluster (Fig. 1B). It was reasonable to assume
that all, or at least some, of these cysteine residues are involved
in binding of the iron–sulfur cluster. To verify this assumption,all four cysteines were mutated to glycine, and the mutated
proteins were expressed and puriﬁed according to the same
protocol as the wild-type protein. The puriﬁed mutated pro-
teins SNAPmu and DSNmu have no color and no absorption
peaks at 325 nm and 420 nm in the UV–visible absorption
spectrum, suggesting that they do not contain iron–sulfur clus-
ters. Therefore, all or at least some of the cysteine residues in
the cysteine cluster of SNAP-25a are involved in binding of
the iron–sulfur cluster.
3.3. Interaction between SNAP-25a and secretagogin
It has been found that SNAP-25a can bind secretagogin, a cal-
cium sensor in the neural system [19,20]. We co-expressed
SNAP-25a with secretagogin in E. coli. Like wild-type SNAP-
25a, the puriﬁed complex (DSN) has a dark brown color and
has two absorption peaks (325 nmand 420 nm) in itsUV–visible
absorption spectrum. The DSN complex was very stable. High
salt (5 N NaCl) could not disassemble the complex.
As the N-terminal a-helix and the C-terminal a-helix of
SNAP-25a take part in the formation of the SNARE parallel
four a-helices bundle, it is possible that the linker domain be-
tween these two a-helices, which includes the cysteine cluster
(and so the iron–sulfur cluster), is involved in the interaction
of SNAP-25a with secretagogin. In order to verify whether
the iron–sulfur cluster takes part in the interaction between
SNAP-25a and secretagogin, all the cysteine residues in the
cysteine cluster were mutated to glycine. The puriﬁed mutated
complex (DSNmu) still contained SNAP-25a and secretagogin
(Fig. 2) but had no color, suggesting it did not contain any
iron–sulfur cluster. This experiment suggested that the iron–
sulfur cluster of SNAP-25a is not involved in the binding of
secretagogin to SNAP-25a.4. Discussion
The neuronal SNARE protein SNAP-25 is a high hydro-
philic protein which does not have a transmembrane segment
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a cysteine cluster located at the N-terminus of its linker do-
main. It was found that all four cysteine residues in this cluster
could be palmitoylated in vivo, and the cluster of the four
hydrophobic palmitate molecules could target SNAP-25 to a
membrane [7,8]. Modiﬁcation of cysteine residues with palmi-
tate is catalyzed by palmitoyltransferase, and this modiﬁcation
is reversible [5,6]. Because E. coli cannot modify proteins with
palmitate, we expressed SNAP-25a in E. coli to obtain protein
lacking palmitoylation. To our surprise, the SNAP-25a protein
expressed in E. coli contained an iron–sulfur cluster. More-
over, SNAP-25a binds to the iron–sulfur cluster via the cys-
teine residues of the cysteine cluster which has been proved
to be the site of palmitoylation. Based on the current experi-
ment results, the question whether this Fe–S cluster is an arti-
fact of expression protein in E. coli or a physiologically
relevant prosthetic group is not clear. Furthermore, although
eukaryotic cell has Fe–S cluster assembly system, it cannot ex-
cluded that the Fe–S cluster seen in the SNAP-25a protein ex-
pressed in E. coli cannot form in vivo because the SNAP25
protein is not exposed to the Fe–S cluster assembly system in
the cells in which it is expressed. Heterologous expression of
SNAP-25 in a eukaryotic cell is required to address these issues
but to date all attempts at this have failed.
If the Fe–S cluster of SNAP-25a can form in vivo, a conﬂict is
apparent: all (or at least some) of the four cysteine residues of
the cysteine cluster of SNAP-25a are involved in two diﬀerent
modiﬁcations (palmitoylation and iron–sulfur cluster binding).
It is possible for the same residue of a protein to be modiﬁed by
diﬀerent prosthetic groups, but it is obvious that these two dif-
ferent modiﬁcations cannot occur at the same time. Unlike in
E. coli, both palmitoylation and iron–sulfur cluster binding
can occur in mammalian cells. Therefore, a question arises:
which modiﬁcation of SNAP-25a really occurs in neuronal
cells? It is possible that both of the two modiﬁcations occur in
the neuronal cell, but they occur in diﬀerent places at diﬀerent
times. A similar case occurs with aconitase 1 (alternate name
Iron Regulatory Protein 1, IRP1). Under normal physiological
conditions, aconitase 1 is a cytosolic enzyme which contains a
[4Fe–4S] iron–sulfur cluster and catalyses the conversion of
citrate to isocitrate [21].When the cell has a low iron level, acon-
itase loses its iron–sulfur cluster and adopts a much more
extended conformation, and that the apoprotein (now known
as IRP1) acts as a regulator, binding to iron-responsive ele-
ments in messenger RNAs to repress translation or degradation
[21,22]. The RNA-binding and enzymatic active sites overlap
extensively in aconitase, with many residues serving important
but diﬀerent roles in each state of the protein [22]. It is possible
that the two modiﬁcations of SNAP-25a, like the two forms of
aconitase 1, can exchange with each other under diﬀerent phys-
iological conditions. The exchange of modiﬁcations must be
very important for SNAP-25a to carry out its biological func-
tions in synapse.
Another interesting question is: what is the biological func-
tion of the SNAP-25a containing an iron–sulfur cluster, or
what is the biological function of the iron–sulfur cluster itself?
The iron–sulfur cluster is the most ancient, ubiquitous, and
structurally and functionally diverse prosthetic group of pro-
teins [23,24]. Iron–sulfur clusters have many diﬀerent func-
tions, such as electron transfer (the primary function),
substrate-binding and catalysis in enzyme, regulatory and sens-
ing functions, storage of free iron in cells, and a pure structuralfunction [25,26]. The iron–sulfur cluster is presumably not in-
volved in the interaction of SNAP-25a with the other two
SNARE proteins to form the SNARE complex, because the
iron–sulfur cluster is located at the linker domain and the core
SNARE complex can form without this linker domain. There-
fore, we turn to investigation of whether this iron–sulfur
cluster is involved in the interaction of SNAP-25a with other
proteins. Secretagogin belongs to the sensor family of
calcium-binding protein and is mainly located in the central
nervous system, particularly the neuroendocrine cell [20].
SNAP-25 is also expressed predominantly in the neuronal/neu-
roendocrine cells [27]. It has been found that secretagogin can
interact with SNAP-25a [19]. Therefore, it is possible that sec-
retagogin links calcium signaling to exocytosis through bind-
ing to SNAP-25a. In our experiments, we found that both
the iron–sulfur cluster-binding SNAP-25a and the iron–sulfur
cluster-free SNAP-25a could bind secretagogin to form an ul-
tra stable complex. Hence the iron–sulfur cluster does not af-
fect the binding of SNAP-25a to secretagogin. Further
experiments must be done to determine the biological function
of the iron–sulfur cluster in SNAP-25a.
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